Background
==========

The distribution of blood flow through the amphibian body is crucial to many vital homeostatic functions, including those involving respiration, nutrition and elimination of unwanted materials. Although blood flow has been quantified for the primary arterial components of the circulatory system, the magnitude and partitioning of venous return from the posterior regions through several major organs is unknown. Blood returning from this area in an anuran amphibian may pass through one of two major pathways; the first carrying blood through the hepatic portal system, and the second traversing the kidneys *via* the renal portal system, a component of circulation of relatively unknown function \[[@B1]\].

Through direct measurement of arterial flow in *Bufo marinus,* West \[[@B2]\] determined cardiac output to be 57.2 ml min^-1^ kg^-1^. Aortic blood flow represented 44.9% of this value, with the pulmocutaneous artery carrying 48.4% and the carotid artery 8.0% of cardiac output \[[@B2]\]. Of blood pumped to the posterior of the animal through the aorta, a significant amount passes through vessels surrounding the intestine and through the kidneys *via* the renal arteries. The remaining blood bathes tissues of the abdomen and hind limb region and returns to the heart through the two main pathways, the renal portal and ventral abdominal veins \[[@B1]\].

The common pelvic and femoral veins join to form the renal portal veins, just distal to the drainage site for the posterior lymph hearts into the circulation (Fig. [1](#F1){ref-type="fig"}) \[[@B1]\]. The renal portal veins run anteriorly along the kidneys, producing networks of vessels that cover the dorsal surface of the organs \[[@B3]\]. As the branched vessels traverse the kidneys, they give rise to peritubular vessels, which surround the kidney nephra. Deeds *et al.*\[[@B4]\] found that in the perfused bullfrog kidney, the renal portal circulation contributed up to 72% of the perfusate, indicating the apparent importance of this portal circulation to renal blood flow.

![General scheme of circulation in *Bufo marinus* showing major pathways of venous return from the posterior region. Placement of Doppler flow probes is indicated. Figures in brackets represent percentages of flow returning through the specified pathways from the posterior systemic circulation. Abbreviation: vein (V.).](1472-6793-1-13-1){#F1}

The perfusion of the renal portal vessels through the kidneys is still uncertain. However, it is generally accepted that the efferent arterioles from the glomerular capillaries empty into the peritubular capillaries, serving as a link between arterial and portal circulations \[[@B5]\]. Although it has been suggested that this close association may allow for filtration of renal portal blood, Deeds *et al.*\[[@B4]\] found that in the perfused bullfrog kidney, only 0.52% of the filtrate was derived from the portal perfusate, likely due to the high resistance bridge between the two circulations. Efferent renal veins eventually collect the bulk of renal blood from the peritubular capillaries, and join to form the posterior vena cava \[[@B1]\].

The ventral abdominal vein represents an alternate pathway for venous return from the posterior region (Fig. [1](#F1){ref-type="fig"}). This vein runs anteriorly from the junction of the common pelvic veins, and joins the hepatic portal system as it enters the liver \[[@B1]\]. The common pelvic and femoral veins have interconnections, providing a link between the two venous return pathways \[[@B1]\]. Ohtani and Naito \[[@B3]\] have suggested that the connection may serve as a means of delivering blood from the ventral abdominal vein to the kidneys.

The delicate balance between water loss and uptake in amphibians makes an understanding of venous return from this region even more significant. Terrestrial amphibians show a behavior known as the water absorption response, using a portion of their ventral skin called the pelvic patch to take up extraneous water \[[@B6]\]. Although it has long been assumed that this external water moves into the circulatory system, one study shows movement of tritiated water directly into the lymph sacs from the environment \[[@B7]\]. The connection of lymphatic and circulatory systems through the renal portal veins has elicited suggestions of rapid elimination of excess incoming fluid *via* the renal portal vessels \[[@B8]\].

This study will measure flow through both the renal portal and ventral abdominal veins in the cane toad, *Bufo marinus,* using Doppler flow probes, to determine relative contributions of the two main pathways to venous return from the posterior regions (Fig. [1](#F1){ref-type="fig"}). An arterial volume load will also be performed in order to examine possible physiological consequences of volume stress on venous return.

Results
=======

Resting blood flow
------------------

Values for resting renal portal and ventral abdominal venous blood flow were determined using 5 min pre-injection levels. Measured flow from a single renal portal vessel was doubled for each individual. Throughout the text, all mention of renal portal blood flow refers to doubled values. Renal portal venous flow was 5.5 ± 2.0 ml min^-1^ kg^-1^, while flow in the ventral abdominal vessel was 7.3 ± 0.9 ml min^-1^ kg^-1^.

Blood flow during hypervolemia
------------------------------

Following an injected 100% increase in plasma volume there were significant increases in blood flow in ventral abdominal and renal portal veins during the first 10 min period but not in the time following 10 min post infusion (Fig. [2](#F2){ref-type="fig"}). Flow in the renal portal veins increased by a factor of 2.4 (t~14~ = 6.6; p \< 0.001) and in the ventral abdominal vein by a factor of 1.3 (t~14~ = 3.36; p = 0.0047). Following the 10 min post infusion period blood flow in all veins decreased rapidly and flows did not differ significantly from the pre infusion level (p \> 0.29).

![Effect of systemic hypervolemia on mean relative renal portal blood flow and relative ventral abdominal blood flow as compared with control values of *Bufo marinus* (n = 8). Filled circles denote mean relative renal portal blood flows and open circles show mean relative ventral abdominal flows. Injection was administered at t = 0 and lasted 4.5 to 5.5 min. All values are expressed as means ± S.E. The 5 min pre-injection values were used as control values for both relative blood flow determination and statistical analysis.](1472-6793-1-13-2){#F2}

Deviation from resting renal portal blood flow pattern
------------------------------------------------------

Blood flow in approximately 3/4 of the renal portal venous flow tracings, from 30 to 90 min post injection, showed periods where a deviation from the normal pattern was apparent (Fig. [3](#F3){ref-type="fig"}). This pattern involved sharp pulsatile increases in blood flow, distinguishing these tracings from the normal, slow wave pulsations seen in the simultaneous ventral abdominal tracings and in the resting renal portal and ventral abdominal venous tracings. The rate of renal portal pulsations was 48.0 ± 6.3 beats min^-1^. The rate of slow wave pulsations in the ventral abdominal vein during the same time period was 23.3 ± 4.4 beats min^-1^. The resting rate of slow wave pulsation, identical in both vessels, was 19.5 ± 3.0 beats min^-1^, calculated using 10 min pre-injection values. The sharp pulsatile increases above baseline renal portal venous levels generated flows of 6.2 ± 2.9 ml kg^-1^ h^-1^, and stroke volumes of 0.0018 ± 0.0006 ml kg^-1^.

![Flow tracings from the renal portal vein of *Bufo marinus* showing sharp extra pulsations at: A) 50 min post injection, flow values shown for renal portal vein; and B) 55 min post injection with recording expanded, flow values shown for pulsations above resting renal portal flow. The injection was performed at t = 0 min. Chart speeds are: A) 1 mm sec^-1^; and B) 10 min sec^-1^.](1472-6793-1-13-3){#F3}

Discussion
==========

The pathway of venous return from the posterior regions of *Bufo marinus* is *via* either the renal portal or hepatic portal systems before returning to the heart \[[@B1]\]. Resting blood flow in the two renal portal vessels combined was quite similar to that of the single ventral abdominal vein (which drains into the hepatic portal vein), with a slightly higher value observed for the ventral abdominal vessel. Total flow in the two vessel systems was 12.85 ml min^-1^ kg^-1^, which comprises the total blood flow returning from the hind limb region of the toad. Ventral abdominal flow accounted for 57% of this venous return, with renal portal flow contributing the remaining 43% (Fig. [1](#F1){ref-type="fig"}).

West \[[@B2]\], using similar techniques to those used in this study, found cardiac output in *Bufo marinus* to be 57.2 ml min^-1^ kg^-1^, with aortic blood flow being 26.8 ml min^-1^ kg^-1^\[[@B2]\]. Using values obtained in this study, venous return from the hind limbs of the toad would thus represent approximately 1/4 of cardiac output.

When blood flow was examined following an infused doubling in plasma volume, both renal portal and ventral abdominal blood flow increased significantly during the 10 minute post infusion period but flow in the vessels leading to the kidneys was greater. The site of injection, the existence of a vascular connection between the two flow pathways and the large volume of fluid injected would support an equal distribution of excess fluid in both pathways. Our results strongly suggest a preferential movement of fluid through the renal portal system.

A favored movement of fluid through the renal portal veins would support the hypothesis that, in a natural aquatic setting, the rapid elimination of incoming water could be made possible by the renal portal system \[[@B8]\]. Carter \[[@B8]\] postulates that this excess water may move from the peritubular capillaries into the tubular lumen due to osmotic concentration differences, and therefore be excreted as urine. In this case, fluid would move in a preferred direction such that its rapid elimination is maximized. It has also been suggested that the femoral vein may serve as a functional connection between the renal portal and ventral abdominal veins \[[@B3]\]. This would seem to be supported if increased venous flow in the hind limbs is primarily directed through the renal portal veins. This connection could then serve as a means for delivery of increased volumes of blood to the kidneys, allowing for the elimination of excess fluid.

Interestingly, the pattern of venous blood flow observed in both of the vessels throughout the experiments was a regular, slow-wave type pulsation. Previous work has shown heart rate in *Bufo marinus* to be 39.9 beats min^-1^ and lung ventilation rate to be 16.3 ventilations min^-1^ in normoxic conditions \[[@B9]\]. The calculated resting rate of 19.5 ± 3.0 pulsations min^-1^ in the vessels appears closer to values for lung ventilation, however the rhythmic nature of the pulsation pattern seems consistent with changes due to heart contraction. Although we did not monitor lung ventilation, it is possible that ventilatory pressure changes within the toad result in regular oscillations in venous flow. Pulsations in flow due to negative pressure from the heart, however, seem unlikely, as both of the veins studied branch into portal systems before emptying into the vena cava.

Much of the speculation on pulsation patterns arose directly as a result of the observation of flow \"spikes\" in the renal portal tracings, which appeared as flow returned to normal after hypervolemia. The sharp extra pulsations observed were less rhythmic than the resting pulsations and contrasted with the flow tracings recorded simultaneously in the ventral abdominal vein. The pattern of sharp, irregular peaks corresponds remarkably with tracings observed when lymph flow is monitored directly from lymph heart efferent vessels using similar techniques \[[@B10]\]. Williams *et al.*\[[@B11]\] found that 50 min after a doubling in plasma volume, lymph heart rate was approximately 50 beats min^-1^, consistent with the \"spike\" rate of 48.0 ± 6.3 pulsations min^-1^ calculated in this study during a similar time frame. It would appear that these tracings reflect contributions to renal portal blood flow by lymph, which is ejected from the nearby posterior lymph hearts.

Previous measurement of lymph heart function in response to systemic hypervolemia has shown lymph flow from a single posterior heart to be 20.7 ml kg^-1^ h^-1^ and stroke volume to be 0.0074 ml kg^-1^ at the 50 min post-injection mark \[[@B11]\]. Our values, determined through measurement of flow peaks above baseline renal portal flow, are considerably lower, with lymph flow being 6.2 ml kg min^-1^, and stroke volume 0.0018 ml kg^-1^. These measurements of lymph flow may vary due to a more \"downstream\" location and the indirect method of lymph flow measurement used in this study. In addition lymph heart flow \"spikes\" in the renal portal veins were not visible under normal resting conditions. Williams *et al.*\[[@B11]\] found that, 50 min following a 100% increase in plasma volume, lymph flow was increased, although this change was not significant. It is possible that these sharp pulsatile increases in flow are peaks of the lymph heart systolic output, which has been increased such that it becomes visible, superimposed upon the larger flow of the renal portal vein.

The contribution of lymph flow to renal portal flow can also be considered with respect to resting state. Jones *et al.*\[[@B10]\] found lymph flow in *Bufo marinus* under normal conditions to be 25.9 ml kg^-1^ h^-1^ from a single posterior lymph heart. Using renal portal flow values measured in this study, it is estimated that almost one-sixth of the renal portal circulation consists of fluid originating in the posterior lymph hearts.

Conclusions
===========

The shift in distribution of blood flow from the posterior end of the toad during volume stress demonstrates the dynamic nature of the anuran circulatory system. The possibility of the elimination of excess water *via* the renal portal system illustrates the necessity of a greater understanding of the association between lymphatic and circulatory systems. This association was clearly emphasized by the quantification of lymphatic function within the circulatory system that was demonstrated in this study.

Material and methods
====================

Animals
-------

Cane toads, (*Bufo marinus*, L.; 245--326 g hydrated mass), were obtained from commercial suppliers (Boreal Laboratories, St. Catherine\'s, ON, Can.; Charles D. Sullivan Co. Inc., Nashville, TN, USA). Animals were maintained in fiberglass aquaria (0.9 m × 0.6 m × 0.6 m)filled with sand to a depth of approximately 5 cm, and allowed free access to water. Toads were force fed raw beef liver once a week, the water was changed weekly and the sand was replaced every second week.

Surgical procedure
------------------

Toads of either sex were chosen for experimentation and anaesthetized in a solution of 2 g l^-1^ of aminobenzoic acid ethylester (MS-222, Sigma Chemical Co.) and 2 g l^-1^ of NaHCO~3~ in tapwater until the corneal reflex was absent.

At a point on the median line of the ventral surface of the toad, 2 cm anterior to the juncture of the torso with the hind limb, a transverse incision of about 2 cm was made and the skin was separated from the underlying tissue. A longitudinal incision of about 0.5 cm was made through the muscle at a position 0.5 cm lateral to the ventral abdominal vein, and a small length of this vein was separated from the abdominal wall by removal of the connective tissue. The vein was fitted with a Doppler flow probe (silastic cuff, i.d. 1.0 mm; Iowa Doppler Products, Iowa City, LA, USA) and the probe was secured to the musculature between the ventral abdominal wall and the skin using 5--0 gauge silk sutures. The leads of the probe were tied down to the skin in 3 locations, and the initial incision was closed using 3--0 gauge silk sutures.

On the dorsal surface an incision was made just above the junction of the renal portal vein and the kidney, just anterior to a posterior lymph heart. As with the ventral abdominal vein, the renal portal vein was dissected free and fitted with a Doppler flow probe (silastic cuff, i.d. 0.8 mm; Iowa Doppler Products, Iowa City, IA, USA), which was placed as close to the point of entry of the vein into the kidney as possible without restriction of flow. The probe was secured to the surrounding musculature, the leads of the probe were tied down to the skin in 3 locations, and the incision was closed. For arterial infusion purposes, the sciatic artery was then cannulated using previously described methods \[[@B12]\].

Following surgery the animals were placed under running water to recover, and then moved to 6 L covered plastic boxes containing 2--3 cm of dechlorinated tap water and several air ventilation and lead exit holes cut in the top. Animals were allowed to recover for a minimum of 18 h following surgery. During all experiments animals were freely moving and unanaesthetized in the chambers.

Experimental procedure
----------------------

For measurement of venous flow, the leads of the Doppler flow probes were connected to a pulsed Doppler flowmeter (model 545c-4; Bioengineering, University of Iowa), which was then connected to a two-channel Gould chart recorder.

Resting renal portal and ventral abdominal venous flows were recorded for 15 min, at a chart speed of 1 mm s^-1^. Following this period, the animals were volume loaded through the sciatic artery cannula with a solution of Bovine Albumin (3.60 g 100 ml^-1^; \[[@B13]\]) in MacKenzie\'s saline \[[@B14]\]. Plasma volume was doubled, assuming 7.4 ml of plasma for 100 g of animal \[[@B15]\]. An infusion pump was used to inject fluid over a period of 4.5 to 5.5 min. Measurements were recorded for 90 min from the onset of injection, and flow was determined at time 0, then every min for 10 min, every 5 min until 45 min and at 60, 75 and 90 min. For those animals in which the flow probes remained stable for a 24 h period following the initial trial, a second injection was performed. This injection was identical to the initial one, and measurements were taken at the times outlined for the first injection.

Following experimentation, each Doppler flow probe was calibrated by removal of the vessel from the animal with the probe still in place. The vessel was then cannulated with polyethylene tubing (PE-100 for the ventral abdominal vein; PE-50 for the renal portal vein), and whole blood from an exsanguinated toad was perfused through the vessel using an infusion pump. This allowed determination of absolute flow in ml min^-1^ for each probe and animal.

Statistical analysis
--------------------

To correct for large differences among toads in the basal flow rates for both arteries, we standardized all observations by dividing by the flow rate at t = -5 min. This helps to correct for differences resulting from animal size and physical condition at the time of experimentation. We then further simplified the analysis by dividing the set of experiments into three groups -- prior to the infusion, 0--10 min post infusion, and \>10 min post infusion, and calculated the mean flow rate for each artery, for each toad, over each period.

Data were analyzed using a linear mixed-effects model in Splus. Toads were considered random effects, and the period of time was considered a fixed effect. Differences between the two levels of treatment (immediately post infusion, and \> 10 min post infusion) were assessed by fitting \"treatment\" contrasts (with the pre-treatment mean being considered a control), and assessing the significance of the two parameter estimates. Separate models were fit for the two veins.
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